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Abstract 
Connexin (Cx) proteins form large conductance channels which function as regulators of 
communication between neighboring cells via gap junctions and/or hemichannels. Intercellular 
communication is essential to coordinate cellular responses in tissues and organs, thereby 
fulfilling an essential role in the spreading of signaling, survival and death processes. Connexin 
43 (Cx43), a major connexin isoform in brain and heart, is rapidly turned-over. Recent studies 
implicated that autophagy, a lysosomal degradation pathway induced upon nutrient starvation, 
mediates connexins, including Cx43, degradation. Here, we examined the impact of nutrient 
starvation on endogenous Cx43-protein levels and endogenous Cx43-driven intercellular 
communication in primary bovine corneal endothelial cells (BCECs). Hank's Balanced Salt 
Solution (HBSS) was used as a starvation condition that induces autophagic flux without 
impacting the survival of the BCECs. Nutrient starvation of BCECs caused a rapid decline in 
Cx43-protein levels, both as gap junctions and as hemichannels. The time course of the decline 
in Cx43-protein levels coincided with the time course of the decline in intercellular 
communication, assessed as intercellular Ca2+-wave propagation in BCECs exposed to a single-
cell mechanical stimulus. The decline in Cx43-protein levels, both as gap junctions and as 
hemichannels, could be prevented by the addition of bafilomycin A1, a lysosomal inhibitor, 
during the complete nutrient starvation period. Consistent with this, bafilomycin A1 
significantly alleviated the decrease in intercellular Ca2+-wave propagation. This study further 
underpins the importance of autophagy as an important degradation pathway for Cx43 proteins 
during periods of nutrient deprivation, thereby impacting the ability of cells to perform 
intercellular communication. 
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Introduction 
Connexin 43 (Cx43) is one of the major connexin (Cx) isoforms expressed in a variety of tissues 
and organs, including the heart and the brain (Kar et al., 2012; Nielsen et al., 2012). Cx43 
mediate intercellular communication by assembling into hexameric units that form i) head-to-
head docked gap junction channels allowing direct chemical and electrical coupling between 
neighboring cells and ii) hemichannels allowing paracrine signaling networks by mediating the 
release of low molecular weight signaling molecules, including ATP and glutamate (Evans, De 
Vuyst & Leybaert, 2006; Herve & Derangeon, 2013; Scemes, Spray & Meda, 2009). The 
functional properties of these Cx43-based channels are tightly controlled by post-translational 
modification, interactions with other proteins and intramolecular interactions (D'Hondt et al., 
2013b; Herve et al., 2012; Iyyathurai et al., 2013; Johnstone et al., 2012). Furthermore, Cx43-
based channels are relatively short living due to their rapid turnover (Laing et al., 1997). 
Different processes have been implicated in the turnover of Cx43 gap junctions with prominent 
roles for the proteasomal, endo-/lysosomal and the autophago-/lysosomal (or autophagy) (Falk 
et al., 2012; Su, Cochrane & Lau, 2012). Autophagy is a catabolic process responsible for the 
turn-over of different cellular components and macro-molecules, including long-lived proteins, 
protein aggregates and damaged organelles (Feng et al., 2014). The process is executed by a set 
of autophagy-dependent genes (Atg), leading to the formation of autophagosomes, double-
layered organelles that arise from ER-mitochondrial contact sites and accumulate these cellular 
components. Autophagosomes eventually fuse with the lysosomes, where these components are 
degraded and breakdown products are released back in the cytoplasm. Autophagy is tightly 
linked to the metabolic state of cells (Galluzzi et al., 2014). At the molecular level, autophagic 
flux is increased upon inhibition of the activity of the mammalian target of rapamycin (mTOR) 
and upon activation of the AMP-dependent kinase (AMPK) (Yang & Klionsky, 2010). As such, 
nutrient starvation and rapamycin, a chemical inhibitor of mTOR, are potent triggers of 
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autophagic flux. One of the methods to monitor autophagic flux is via an immunoblotting-based 
analysis of the lipidated form of LC3 (i.e. LC3-II) in the absence and presence of lysosomal 
inhibitors, like bafilomycin A1, which inhibits lysosomal function by targeting the V-type 
ATPase (Klionsky et al., 2012). Over recent years, there is accumulating evidence that 
autophagy accounts for the increased degradation of Cx43 (but also other Cx isoforms) gap 
junctions in response to nutrient starvation (Lichtenstein et al., 2011).  
In this study, we exploited primary bovine corneal endothelial cells (BCECs) to study the 
impact of nutrient starvation on Cx43-driven intercellular communication by assessing 
intercellular Ca2+-wave spreading in response to mechanical stimulation of a single cell 
(D'Hondt, Himpens & Bultynck, 2013a). BCECs endogenously express Cx43 proteins, which 
function both as gap junctions and hemichannels (D'Hondt et al., 2014). Cx43 is the major 
determinant of intercellular Ca2+-wave spreading in these cells, because BCECs treated with 
siRNA against Cx43 displayed a more than 60% reduction in intercellular Ca2+-wave spreading 
(Ponsaerts et al., 2010). As such, BCECs are a model system for assessing the molecular and 
functional regulation of Cx43 (D'Hondt et al., 2013a). Here, we show that endogenous Cx43 
levels rapidly declined in cells undergoing autophagy by exposure to nutrient starvation, 
resulting in reduced intercellular communication. As a consequence, inhibiting lysosomal 
degradation using Bafilomycin A1 during nutrient starvation restored Cx43-protein levels and 
enhanced intercellular Ca2+-wave propagation.  
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MATERIALS AND METHODS 
Chemicals 
Dulbecco’s Modified Eagle's Medium (11960-044; Thermo Fisher Scientific), fetal bovine 
serum (F7524; Sigma-Aldrich), GlutaMAX™ (35050-038; Thermo Fisher Scientific), 
antibiotic-antimycotic mixture (15240-096; Thermo Fisher Scientific) and amphotericin-B 
(15290-026; Thermo Fisher Scientific), Fluo-4, AM (F14217; Thermo Fisher Scientific) and 
bafilomycin A1 (B-1080; LC laboratories). For Western blotting, the following antibodies were 
used: mouse monoclonal anti-GAPDH (G8795; Sigma-Aldrich), mouse monoclonal anti-β-
Actin (A5441; Sigma-Aldrich), mouse monoclonal anti-Cx43 (C8093; Sigma-Aldrich), mouse 
monoclonal anti-LC3 (0231-100; nanoTools Antikörpertechnik GmbH and Co.) and rabbit 
monoclonal anti-PARP (9532S; Cell Signaling Technology). 
 
Cell culture  
Cultures of primary bovine corneal endothelial cells (BCECs) from fresh eyes were established 
as described previously  (Gomes et al., 2005a; Gomes et al., 2005b; Gomes et al., 2006; D'Hondt 
et al., 2007a; D'Hondt et al., 2007b; Ponsaerts et al., 2008; Ponsaerts et al., 2010; D'hondt et al., 
2009; Ponsaerts et al., 2012). The growth medium consisted of Dulbecco’s Modified Eagle's 
Medium (DMEM), 10 % fetal bovine serum (FBS), 6.6 % GlutaMAX™, 1 % antibiotic-
antimycotic mixture and 2.5 µg/ml amphotericin-B. Cells were grown at 37 °C in a humidified 
atmosphere containing 5 % CO2. Cells of the first and second passages were harvested and 
seeded into two chambered glass slides (155380, Laboratory-Tek; Nunc, Roskilde, Denmark) 
at a density of 165,000 cells per chamber (4.2 cm2). Cells were grown to confluence for three 
to four days before use. Except for data presented in Figure 1, nutrient starvation was performed 
by replacing the culture medium with Hank’s Balanced Salt Solution (HBSS), as performed in 
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previous work from our lab for the study of autophagy (Decuypere et al., 2011). In Figure 1, 
nutrient starvation was also performed by using DMEM without FBS but with supplements 
(Glutamax, Amphotericin-B and Antibiotic/antimycotic) or by using DMEM without FBS and 
supplements. In all experiments, non-starved cells were used as the control condition (indicated 
as 0 hours starvation). Bafilomcyin A1 (100 nM) was added for the complete starvation period 
when studying Cx43 degradation. For determining autophagic flux, bafilomycin A1 (100 nM) 
was added 1 hour prior to harvesting the cells. 
Imaging of intercellular Ca2+-wave propagation  
Intercellular Ca2+-wave propagation was assayed in Fluo-4-loaded (10 µM for 30 min at 37 °C) 
BCECs as described previously  (Gomes et al., 2005a; Gomes et al., 2005b; Gomes et al., 2006; 
D'Hondt et al., 2007a; D'Hondt et al., 2007b; Ponsaerts et al., 2008; Ponsaerts et al., 2010; 
D'hondt et al., 2009; Ponsaerts et al., 2012;). After washing the cells, the dye was excited at 488 
nm, and its fluorescence emission was collected at 530 nm. Spatial changes in [Ca2+]i following 
point mechanical stimulation were measured with the confocal microscope (LSM510) using a 
40X objective (Air, 1.2 N.A.). A point mechanical stimulation, applied to a single cell, consisted 
of an acute deformation of the cell by briefly touching less than 1% percent of the surface area 
of its cell membrane with a glass micropipette (tip diameter <1 µm) coupled to a piezoelectric 
crystal (Piezo device P-280, Amplifier-E463; PI Polytech, Karlsruhe, Germany) mounted on a 
micro-manipulator, as described previously  (Gomes et al., 2005a; Gomes et al., 2005b; Gomes 
et al., 2006; D'Hondt et al., 2007a; D'Hondt et al., 2007b; Ponsaerts et al., 2008; Ponsaerts et 
al., 2010; D'hondt et al., 2009; Ponsaerts et al., 2012;). We quantified the propagation of the 
intercellular Ca2+-wave by measuring the total (maximal) surface area of responsive cells with 
a normalized F of at least 1.1 (active area, AA), using imaging software (LSM Image 4.2; 
Zeiss). The AA is used as a quantitative measure for intercellular communication properties 
and is based on the activity of gap junctions and hemichannels. In BCECs, AA is mainly 
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determined by Cx43 hemichannels (major component) and Cx43 gap junctions (minor 
component) (D'Hondt et al., 2014). Further information about this approach can be found 
elsewhere (D'Hondt et al., 2013a). 
Immunoblotting 
BCECs were treated with lysis buffer containing  20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1.5 
mM MgCl2, 0.5 mM DTT, 1 % Triton X-100, including a protease inhibitor cocktail (1 
complete EDTA-free protease inhibitor tablet (Roche Applied Science) added per 50 ml). 
Lysate samples were subjected to SDS-PAGE (20 g of protein per lane) using 12-well 4-12 % 
Bis/Tris gels (Thermo Fisher Scientific) and MES-running buffer (Thermo Fisher Scientific) 
and subsequent Western blotting after transfer to immobilon-P membranes (Millipore). In 
general, following dilutions of primary antibodies were used: anti-GAPDH at 1:50000; anti-β-
Actin at 1:15000; anti-Cx43 at 1:1000; anti-LC3 at 1:500; anti-PARP at 1:500. HRP-conjugated 
secondary antibodies (Cell Signaling) were used at 1:2000. Detection was performed using 
Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific) and the Chemidoc™ MP 
system (Bio-Rad, Nazareth Eke, Belgium). Since Cx43 and GAPDH/ actin have similar 
molecular weights, Cx43 and GAPDH/ actin immunoblots are typically obtained by running 
the same samples simultaneously on the same gel or on a different gel (dependent on the sample 
size), thereby staining one part of the gel or one gel with anti-Cx43 and one part of the gel or 
one gel with anti-GAPDH or anti- actin. 
Cell-surface biotinylation  
The biotinylation experiment was performed according to the manufacturer’s protocol (Pierce 
Cell Surface Protein Isolation Kit). Briefly, a monolayer of bovine corneal endothelial cells (90-
95 % confluence) was cultured in T75 flasks and the cells were washed twice with ice-cold 
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Phosphate-buffered saline (PBS). 10 ml of biotin solution containing 0.25 mg/ml of sulfo-NHS-
SS-biotin in PBS was added to each flask and incubated for 1 hour at 4 °C without shaking (2 
flasks for each condition). Biotinylation reaction was stopped by adding quenching solution. 
After 5 min, the solution was removed and added 10 ml of Tris-buffered saline (TBS), which 
contains EDTA-free protease inhibitor (1 tablet per 50 ml). Subsequently, the cells from both 
flasks were scraped and pelleted in a conical tube by centrifugation (500xg for 5 min). The cells 
were lysed using 500 l lysis buffer (10 mM Sodium phosphate, pH 7.2, 150 mM Sodium 
Chloride, 1.5 mM Magnesium Chloride, 1 % Triton X-100, 10 % glycerol and 10 µl/ml Halt™ 
Protease Inhibitor (Thermo Fisher Scientific)).  Protein concentration of the lysates was 
determined by using BCA protein assays (Thermo Fisher Scientific) and equal amount of each 
conditions (1100 g) were brought into 500 l volume with lysis buffer. NeutrAvidinTM 
Agarose resin in total volume of 450 l lysate and incubated overnight at 4 °C with end-over-
end mixing. After this, the flow through fractions were collected and equal amounts were 
analysed by SDS-PAGE and subsequent immunoblotting. Beads were washed three times with 
washing buffer and biotinylated proteins were eluted from beads by 450 l SDS-PAGE sample 
buffer containing DTT (62.5 mM Tris-HCl, pH 6.8, 1 % SDS, 10 % glycerol and 50 mM DTT) 
and allowed for 1 h at room temperature with end-over-end mixing. The eluted fractions were 
collected and equal amounts were analysed by SDS-PAGE and subsequent immunoblotting. 
Cx43 and GAPDH (negative control) antibodies were used for the Western-blotting procedure. 
Apoptosis assay 
The basic protocol for this analysis can be found elsewhere (Akl et al., 2013). Briefly, BCECs 
were washed with versene (Thermo Fisher Scientific) and trypsinized (0.05 % Trypsin-EDTA, 
Thermo Fisher Scientific) before starting the labeling. The cells were pelleted by centrifugation 
and gently resuspended in 100 µl Annexin V-binding buffer then 5 µl Annexin V-Alexa Fluor 
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 9 
488 (V13245, Thermo Fisher Scientific) and 2 µl 7-AAD (S10274, Thermo Fisher Scientific) 
was added. The samples were incubated at room temperature in the dark for 15 min and after 
this, 400 µl of Annexin V-binding buffer was added. Cell suspensions were analyzed by using 
the Attune NxT Flow Cytometer (Thermo Fisher Scientific). Flow cytometric data were plotted 
and analyzed using Attune cytometric software version 2.1.0.  
 
Statistical analysis 
All values represent mean +/- S.E.M. For statistical analyses, each treatment was compared to 
its respective control (i.e. 0 hours starvation) unless otherwise mentioned and significance was 
determined using a 1-way ANOVA. Differences were considered significant at P < 0.05. “N” 
indicates the number of days of experiments, while “n” represents the total number of 
independent experiments (the number of mechanically stimulated cells).  
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RESULTS 
Starvation conditions impact Cx43-protein levels in primary BCECs 
Here, we used primary BCECs for studying the impact of nutrient starvation, a major form of 
metabolic stress that induces autophagy, on the levels of native Cx43 channels. Therefore, we 
compared DMEM with FBS and supplements (+/+) to three independent starvation conditions 
applied for 4 hours, i.e. DMEM without FBS but with supplements (+/-), DMEM without FBS 
and supplements (-/-) and HBSS medium. All three starvation conditions tended to decrease the 
Cx43-protein levels, which could be restored by application of bafilomycin A1 during the 
complete starvation period (Fig. 1). However, the decline in Cx43-protein levels appeared to be 
more prominent in cells exposed to HBSS. This condition was chosen for further detailed 
experimental analysis. 
Next, we performed a detailed analysis of the autophagy and cell death response of BCECs 
exposed to HBSS in the absence and presence of lysosomal inhibitors. We first determined that 
4 hours of HBSS treatment was causing autophagic flux in primary BCECs by monitoring LC3-
II levels in control conditions (normal medium; 0 hours starvation) and 4 hours HBSS treatment 
(Fig. 2a). From this analysis, it is clear that LC3-II levels are increased by exposing BCECs to 
HBSS and this increase is also observed in the presence of bafilomycin A1. Next, we also 
wished to perform a more detailed analysis of cell death in BCECs exposed to HBSS and 
lysosomal inhibitors. Therefore, we labeled BCECs with Annexin V-Alexa Fluor 488 (a marker 
for apoptosis) and 7-AAD (a marker for necrosis) and performed a flow cytometry analysis 
(Fig. 2b and Fig. 2c). These experiments indicate that cell survival of BCECs is not affected by 
any of these conditions, fully in line with previous observations made in our lab in different 
other cell lines exposed to HBSS for several hours (Decuypere JP et al, Autophagy, 2011). This 
indicates that exposing BCECs to HBSS for 4 hours is activating autophagy without impacting 
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cell survival, allowing a detailed analysis of studying the impacting of starvation by HBSS on 
Cx43-protein levels and function.  
 
Starvation induces a time-dependent decrease of the Cx43-protein level  
We first monitored Cx43-protein levels in total lysates of BCECs from normal medium (i.e. 
control condition; 0 hours starvation) exposed to different nutrient starvation periods, including 
1.5, 4 and 6 hours of HBSS exposure, revealing a prominent, rapid and time-dependent decline 
in the total Cx43 protein levels (Fig. 3a). Quantification of the Cx43 signal over the GAPDH 
signal shows a significant reduction of Cx43 in starved cells versus non-starved cells (Fig. 3b). 
The signal in total lysates obtained from non-starved (0 hours starvation) cells was set at 100 
% and the other values are relative to this. Using a surface biotinylation approach, we also 
determined whether both the levels of Cx43 gap junctions (i.e. the flow through (FT) fraction) 
and hemichannels (i.e. the elution fraction) declined upon nutrient starvation. The Cx43 
immunoblots presented in Fig. 4a indicate that the levels of total Cx43, Cx43 gap junctions and 
Cx43 hemichannels decline in a time-dependent manner upon nutrient starvation of primary 
BCECs. Importantly, the immunoblots displaying GAPDH, a cytosolic protein, serve as an 
experimental control to verify that only surface proteins, but not intracellular proteins, are 
biotinylated (Fig. 4b). 
Starvation induces a time-dependent in mechanical stimulation-induced intercellular 
communication  
We previously established that knocking down Cx43 in BCEC caused a more than 60% 
reduction in the intercellular communication, measured as the active area of the intercellular 
Ca2+-wave propagation in BCEC monolayers elicited by mechanical stimulation of a single cell 
(Ponsaerts et al., 2010). This indicated that Cx43 is the major connexin responsible for 
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intercellular communication in BCECs. Here, we assessed the impact of the different nutrient 
starvation periods on mechanical stimulation-induced intercellular communication. For all 
conditions used, the number of cells present in the imaging field was similar. Fig. 5a shows a 
typical Ca2+-wave experiment before the mechanical stimulation, at the moment of mechanical 
stimulation and at the moment the maximal active area has been reached in non-starved cells 
and cells undergoing 4 hours of starvation. Fig. 5b shows the quantification of the maximal 
active area in non-starved cells (0 hours) and cells exposed to nutrient starvation for different 
time periods (1.5 hours, 4 hours and 6 hours). Consistent with the time-dependent decline in 
Cx43-protein levels, the active area of the Ca2+-wave spreading was reduced upon nutrient 
starvation displaying a similar time-dependent pattern, showing a significant decline in the 
active area already after 1.5 hours of starvation. 
Lysosomal inhibition prevents Cx43 degradation, both as gap junctions and as 
hemichannels 
Since autophagy is activated by nutrient starvation and previous reports have implicated 
autophagy being responsible for Cx43 turnover (Fong et al., 2012; Lichtenstein et al., 2011), 
we assessed whether blocking lysosomal degradation using bafilomycin A1 could prevent 
nutrient starvation-induced Cx43 degradation in primary BCECs. For these experiments, 
Bafilomycin A1 was added for the whole nutrient starvation period, i.e. 1.5 hours, 4 hours or 6 
hours, respectively. The total Cx43-protein levels were monitored in lysates obtained from non-
starved cells and cells exposed to nutrient starvation in the presence or absence of bafilomycin 
A1 (Fig. 6). These immunoblots indicate that the decline of the Cx43-protein levels could be 
reversed by the lysosomal inhibitor bafilomycin A1. Next, we examined whether the 
degradation of both Cx43 gap junctions and hemichannels was prevented by bafilomycin A1. 
Therefore, we performed surface biotinylation experiments on control cells, cells exposed to 4 
hours of nutrient starvation and cells exposed to 4 hours of nutrient starvation in the presence 
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of bafilomycin A1. Consistent with our previous experiment, the starvation-induced decrease 
in total Cx43-protein levels could be restored by the presence of bafilomycin A1 (Fig. 7a, upper 
panel). We also performed a surface-biotinylation experiment and western blot using anti-Cx43 
antibodies in order to not only assess the total Cx43-protein levels, but also the levels of Cx43 
gap junctions and of Cx43 hemichannels (Fig. 7a, middle and lower panel). Again, the cytosolic 
GAPDH served as an experimental control (Fig. 7b). In non-starved cells, it is clear that Cx43 
immunoreactivity is present in both the FT and the eluted fraction (Fig. 7a).  The latter 
represents the bona fide surface available fraction, since GAPDH immunoreactivity is only 
present in the FT but not in the eluted fraction (Fig. 7b). Consistent with the activation of 
autophagy upon nutrient starvation, addition of bafilomycin A1, a lysosomal inhibitor, for the 
complete starvation time period (4 hours) prevents the degradation of Cx43, both as gap 
junctions and as hemichannels. 
The starvation-induced decrease in Cx43-driven intercellular communication can be 
partially rescued by bafilomycin A1. 
Since the decrease in Cx43-protein levels triggered by starvation can be restored by the addition 
of bafilomycin A1, we aimed to investigate the impact of bafilomycin A1 on Cx43-driven 
intercellular Ca2+-wave propagation induced by the mechanical stimulation of a single cell (Fig. 
8). While 4 hours of nutrient starvation caused a prominent and significant decline in the 
mechanical stimulation-induced intercellular Ca2+-wave propagation (quantified as the active 
area), addition of bafilomycin A1 during the nutrient-starvation period significantly prevented 
the reduction in active area. The active area of the Ca2+-wave propagation remained lower than 
that of non-starved cells. This suggests that some Cx43 channels, though not being degraded 
by the lysosomes, may not be active or may be internalized and thus would not be available for 
providing intercellular communication.   
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Discussion 
The major finding of this study is that the protein levels of endogenous Cx43 proteins are 
susceptible to metabolic stress, like triggered during periods of nutrient starvation. These 
conditions lead to a rapid decline in Cx43-protein levels, both at the gap junctional and 
hemichannel level, thereby negatively impacting the ability of Cx43 to drive intercellular 
communication in primary cell systems, like the BCECs. The degradation of Cx43, either as a 
gap junction or a hemichannel, likely occurs via autophagy, because i) the time-dependent 
decline in Cx43-protein levels correlated with the increase in LC3-II, an autophagic marker, 
when lysosomes were inhibited using bafilomycin A1, and ii) inhibition of lysosomal 
degradation, the final step in autophagy, during the nutrient starvation period restored Cx43-
protein levels. As a consequence, lysosomal inhibition largely prevented the decline in 
intercellular communication in BCECs exposed to nutrient starvation. This shows that 
autophagy induction is an important pathway responsible for the turnover of endogenous Cx43 
in BCECs in response to metabolic stress. This study supports earlier reports showing that 
connexins, and in particular Cx43, undergo autophagic degradation via the lysosomes in 
nutrient-starved cells (Bejarano et al., 2012; Carette et al., 2015; Fong et al., 2012; Hesketh et 
al., 2010; Lichtenstein et al., 2011). This further underpins the emerging concept that autophagy 
is responsible for Cx degradation, in particular during metabolic stress conditions, thereby 
limiting intercellular communication (Falk et al., 2012; Su et al., 2012; Su & Lau, 2014). 
In cells, connexins are continuously recycled and are rapidly turned over. Seminal work by 
Beyer and his group indicated that Cx43 gap junctions are degraded via the ubiquitin-dependent 
proteasomal system (Laing & Beyer, 1995) and the lysosomal system (Laing et al., 1997). More 
recent studies have revealed a prominent role for autophagy as the major lysosomal degradation 
of connexin proteins, in particular during periods of nutrient starvation (Bejarano et al., 2012; 
Fong et al., 2012; Hesketh et al., 2010; Lichtenstein et al., 2011). The levels of Cx50 and Cx43 
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were found to rapidly decrease in response to autophagy-inducing conditions, like nutrient 
starvation (Lichtenstein et al., 2011). This observation suggests that autophagy is not selective 
for Cx43, but can also mediate the degradation of other Cx isoforms. Consistent with this, Cx50 
colocalized with LC3, an autophagic marker and starvation-induced Cx50 degradation could be 
(partially) counteracted by chloroquin, another lysosomal inhibitor or by knocking down 
ATG5, an essential autophagy gene. Interestingly, Cx50P88S, a cataract-linked mutant form of 
Cx50, accumulates in the cytoplasm as punctae that are positively stained for LC3 and p62 and 
can be degraded by autophagy in response to nutrient starvation. These studies underpin 
previous microscopic observations of Cx43 in failing ventricular myocardium (Hesketh et al., 
2010). In these conditions, Cx43 appears at the lateral membranes of cardiomyocytes and 
becomes heavily internalized by incorporation in LC3-positive autophagosomes, resulting in 
its degradation. In follow-up work (Bejarano et al., 2012), the colocalization of Cx43 with 
autophagic markers, LC3-II and p62, in response to nutrient starvation was confirmed, while 
chemical inhibition or genetic inhibition of autophagy (using ATG7-knockout cells) prevented 
Cx43 degradation. In this study, it seemed that autophagy inhibition was less effective in 
protecting Cx32 or Cx26 from autophagic degradation, indicating that autophagy may not 
equally important for every Cx isoform (Bejarano et al., 2012). Hence, in starvation conditions, 
autophagy may be the main degradation pathway for Cx43, but not for Cx32 or Cx26. This also 
fits with a previous report showing that Cx43 declined more rapidly than Cx50 in response to 
nutrient starvation (Lichtenstein et al., 2011). Of note, the type of stress that leads to autophagy 
might be important and might differentially impact the turnover of Cx isoforms, because the 
decrease in Cx32 levels in pancreatic acinar cells exposed to low pH was mediated by 
autophagy (Reed et al., 2014). 
Moreover, the sequence of events and factors controlling autophagic degradation of Cx43 gap 
junctions were identified, indicating that Cx43 ought to be ubiquitinylated via NEDD4, an E3 
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ubiquitin-protein ligase that links ubiquitin to its targets (Bejarano et al., 2012). Eps15 is then 
recruited to ubiquitinylated Cx43 gap junctions, which favors the recruitment of autophagic 
markers like LC3 and p62, mediating Cx43 gap junction internalization and autophagic 
degradation. Knockdown of Eps15 prevents the autophagic degradation of Cx43 gap junctions 
(Bejarano et al., 2012). The internalization of Cx43 gap junctions and degradation by the 
autophagic machinery and lysosomal system has also been directly monitored using Cx43 
linked to GFP, thereby supporting the conclusions from previous studies (Fong et al., 2012). 
Finally, it is important to note that autophagy not only impacts the connexin levels, but that 
connexins also impact basal autophagic flux by suppressing autophagosome formation 
(Bejarano et al., 2014). Plasmalemmal connexins seem to constitutively downregulate 
autophagic flux by scaffolding autophagy-related proteins responsible for the earlier steps in 
autophagosome formation. During nutrient starvation, these autophagy-inhibitory connexin 
complexes are disassembled by the recruitment of Atg14. As such, connexins become 
susceptible for internalization and autophagic degradation, thereby causing the removal of 
autophagic inhibitors and the upregulation of autophagic flux. 
The importance of increased connexin, including Cx43, turn-over during periods of nutrient 
starvation requires further study. In particular, connexins have been implicated in the spreading 
of cell death signaling and factors (Decrock et al., 2009; Decrock et al., 2011; Decrock et al., 
2012; Vinken et al., 2012a; Vinken et al., 2012b). As such, decreasing connexins may serve as 
a survival strategy during starvation and autophagy induction. In addition, connexin 
hemichannels also mediate paracrine signaling via the release of ATP and glutamate (Wang et 
al., 2013). As such, decreasing connexin hemichannels during autophagy induction may be a 
cellular strategy to prevent the loss of energy molecules. Finally, impaired autophagy has been 
implicated in ageing conditions and several pathological conditions, including oncogenesis and 
neurodegeneration (Rubinsztein, Marino & Kroemer, 2011; Frake et al., 2015; Galluzzi et al., 
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2015; Kroemer, 2015; Menzies, Fleming & Rubinsztein, 2015; Rubinsztein, Bento & Deretic, 
2015). Enhancing autophagy using small molecules & compounds has been proposed as a 
therapeutic strategy (Kroemer, 2015; Rubinsztein et al., 2015). Now, defective turnover of 
connexins may contribute to these disease states. For instance, in the context of Alzheimer’s 
disease, β-amyloid has been shown to cause neuronal death via the activation of glial Cx43 
hemichannels and neuronal Cx36 and Panx1 hemichannels (Orellana et al., 2011). Similar 
“toxic” roles for astroglial and neuronal hemichannels have been observed in several 
inflammatory conditions, like induced by FGF-1, spinal cord injury or hypoxia and glucose 
deprivation (Bennett et al., 2012). Thus, stimulating autophagy in neurons and/or glial cells 
may be beneficial for neuronal survival in these conditions, thereby reducing Cx hemichannel 
levels and counteracting their “toxic” functions in response to β-amyloid or other inflammatory 
conditions. However, further work is required to elucidate whether molecules that induce 
autophagy, like the mTOR inhibitor rapamycin, too results in a decline of connexins as gap 
junctions and hemichannels and can counteract β-amyloid toxicity in neurons by promoting the 
degradation of connexin hemichannels. 
In conclusion, we report that Cx43 proteins are rapidly degraded via autophagy, a lysosomal-
turnover pathway, in cells exposed to metabolic stress, like nutrient starvation. This limits the 
ability of cells to establish physiological intercellular communication, like intercellular Ca2+-
wave propagation, via Cx43 gap junctions and/or hemichannels. Under such conditions, 
inhibition of autophagy might be beneficial to restore Cx43-protein levels and to partially 
rescue intercellular communication. 
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Figure legends  
Fig. 1 Different starvation conditions decrease Cx43-protein levels in primary BCECs. 
BCECs were treated with 4 different conditions (all in the absence or presence of 100 nM 
bafilomycin A1, added during the complete starvation period): DMEM with FBS and 
supplements (+/+), DMEM without FBS but with supplements (+/-), DMEM without FBS and 
supplements (-/-) and HBSS medium. Immunoblot analysis shows the Cx43 and  actin-protein 
levels. Densitometry values are shown for Cx43 over β-Actin, relative to the +/+ condition 
without bafilomycin A1, which was set at 1. 
  
Fig. 2 Nutrient starvation (HBSS) induces autophagic flux without cell death in primary 
BCECs. 
(a) Immunoblot analysis of LC3-II in BCECs from non-starved conditions (0h starvation) and 
starved conditions (4h starvation with HBSS). Autophagic flux was measured by the addition 
of bafilomycin A1 (100 nM; last 1 hour). Densitometry values are shown for LC3-II over β-
Actin, relative to the 0h starvation condition without bafilomycin A1, which was set at 1. (b) 
Flow cytometry analysis of Annexin V-Alexa Fluor 488/7-AAD-stained BCECs from non-
starved conditions (0h starvation) and starved conditions (4h starvation with HBSS) in absence 
and presence of bafilomycin A1 (100 nM; 4 hours). R2 gate represents the necrosis population, 
R3 gate represents the apoptotic population with secondary necrosis, R4 gate represents the 
living cell population and R5 gate represents the apoptotic population. (c) Bar graph showing 
the mean percentage of living cells (R4 population) obtained for the 4 different conditions.   
 
Fig. 3 Nutrient starvation (HBSS) induces a time-dependent decline in the total Cx43-
protein levels in primary BCECs.  
(a) Lysates of BCECs exposed to different time periods of nutrient starvation were subjected to 
SDS-PAGE and Western blotting. A typical immunoblot stained with anti-Cx43 shows the 
time-dependent decrease of the Cx43 protein in lysates of BCECs exposed to different time 
periods of nutrient starvation (0 hours, 0h; 1.5 hours, 1.5h; 4 hours, 4h; 6 hours, 6h). An 
immunoblot stained with anti-GAPDH of the same samples but from different lanes of the same 
gel is also shown. (b) The bar graph shows the normalized Cx43-protein levels obtained from 
immunoblot analysis of lysates of BCECs starved for different time periods. The data indicate 
mean ± S.E.M. (N = 9). * indicates a statistical difference with the control condition (0h 
starvation).  
 
Fig. 4 Nutrient starvation (HBSS) induces a time-dependent decline in the Cx43 gap 
junction and hemichannel fraction in primary BCECs. 
(a) A representative immunoblot stained for Cx43 from a cell-surface biotinylation experiment 
shows the time-dependent decrease in total Cx43 levels (Lysate), Cx43-gap junction levels 
(flow through; FT) and Cx43-hemichannel levels (Elution). (b) The corresponding immunoblot 
of the exactly the same samples but stained for GAPDH, a cytosolic protein. 
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Fig. 5 Nutrient starvation (HBSS) induces a decline in intercellular Ca2+-wave 
propagation in BCEC monolayers triggered by a single-cell mechanical stimulus. 
(a) Representative pseudo-colored fluorescence images showing Ca2+ transients at different 
times after mechanical stimulation in control conditions and upon starvation in BCEC. The first 
image shows the fluorescence intensities before mechanical stimulation (MS). The second 
image shows the fluorescence intensities of the mechanically stimulated cell upon stimulation. 
The third image shows the maximal active area (AA). (b) The graph shows the normalized 
active area values obtained from BCECs exposed to different time periods of nutrient starvation. 
Data points indicate mean ± S.E.M. (N = 4, n = 40). * indicates a statistical difference with the 
control condition (0h starvation).  
Fig. 6 The nutrient starvation (HBSS)-induced decline in total Cx43-protein levels in 
primary BCECs can be prevented by the addition of bafilomycin A1. 
A representative experiment showing the levels of Cx43 and β-Actin in lysates obtained from 
non-starved (0 h) BCECs and nutrient starved BCECs, treated or not with bafilomycin A1. 
Nutrient starvation was done for 1.5, 4 and 6 hours. The decline of total Cx43-protein levels by 
nutrient starvation is prevented by the addition of bafilomycin A1. Densitometry values are 
calculated for Cx43 over β-Actin, relative to the 0h starvation condition without bafilomycin 
A1, which was set as 1. 
Fig. 7 Bafilomycin A1 prevents the starvation (HBSS)-induced degradation of Cx43 gap 
junctions and hemichannels in BCECs.  
 (a) A representative cell-surface biotinylation experiment showing that bafilomycin A1 
prevents the degradation of total Cx43 (lysate), Cx43 gap junctions (flow through; FT) and 
Cx43 hemichannels (Elution) induced nutrient starvation. Starvation in the absence or presence 
of bafilomycin A1 was induced for 4 hours. (b) The corresponding GAPDH levels obtained 
from the same samples as used for assessing Cx43 levels. 
Fig. 8 Bafilomycin A1 partially alleviates the starvation (HBSS)-induced decrease in 
active area in BCECs.  
The graph shows the normalized active area values obtained from BCECs exposed to 
mechanical stimulus in non-starved cells (0h starvation), nutrient starvation (4h starvation) and 
nutrient starvation combined with 100 nM bafilomycin A1 added for 4 hours. Data represent 
mean ± S.E.M. (N=3, n=30). * indicates a statistical difference with the control condition (0h 
starvation), while ^ indicates a statistical difference between 4h starvation conditions in the 
absence and presence of bafilomycin A1. 
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